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Introduction
Lithium-ion (Li-ion) batteries may not be the ideal solution to power portable electronic devices after all. They still, and for a long period, suffer from aging also known as shelf life, which causes their performance and charging capacity to decline considerably with time regardless of their usage [1] . The fact that most electronic systems are continuously upgrading to more advanced systems of added functionalities, raises more doubts about whether they are capable of fulfilling the energy needs of this broad and important sector. Meanwhile, Air-Breathing Proton Exchange Membrane Fuel Cells (AB-PEMFC) are receiving more attention as a potential replacement and, in particular, for systems of high energy storage requirements [2] . These passive type cells consume ambient air for their operation through natural free convection; as such, they eliminate the need for air-supply subsystems including compressor, humidifier and other components which minimises the Balance-Of-Plant (BOP) cost and complexity. Their hydrogen-supply subsystem can even be miniaturised by combining it with on-demand micro hydrogen generator/galvanic cell [3] .
Although the system cost can be reduced, this may compromise the cell performance. Since the cathode channels are exposed to the atmosphere, the air flow, pressure and temperature will be depending entirely on the ambient conditions which can limit the output power of AB-PEMFC based on the Nernst relationship which relates the cell voltage with the operating pressure and temperature. Therefore, the maximum power density of AB-PEMFC is around 350 mW/cm 2 [4] whereas in conventional PEMFC it is in the range of 566 mW/cm 2 [5] .
Prior experimental studies have investigated a number of design issues like dead-end hydrogen mode [6] ; micro-flow channels [7] ; plastic flow plates [8] , anode current collector [9] , and cathode open area [10] [11] [12] in order to ameliorate the performance and minimise the manufacturing cost of AB-PEMFC. Several numerical models were also developed to identify the optimum cell configurations and operating conditions [13] [14] [15] [16] [17] [18] . Most simulations [19] [20] [21] [22] [23] [24] [25] [26] were carried out to elucidate the complex and interrelated transport phenomena of ion, heat and mass in AB-PEMFC which provided useful insight into the water formation and membrane hydration state during operation. Furthermore, the water transport mechanism in AB-PEMFC was addressed in [27] [28] [29] [30] . In [27] , the net water drag coefficient was determined under various operating conditions to optimise the cathode structure through catalyst loading and GDL properties. In [28] , different hydrophilic loading mechanisms of the anode catalyst layer were examined, with the aim to improve the water management of AB-PEMFC by achieving proper hydration of the anode and water removal from the cathode. In [27] the use of the ratio between thermal and mass transport resistances was suggested as a tool to monitor the level of hydration/dehydration of the membrane. In addition, [30] identified by varying the current density of the cell three regions of membrane operation: full hydration, partial hydration, and dryout, and emphasised the vigorous influence of temperature in the transition between those regions. Nevertheless, these studies have not been supported yet by real images of water accumulation in the channels, which has been unsatisfactory for quite sometime.
In the present study, and probably for the first time, the formation of water droplets and their aggregation in the cathode flow channels of AB-PEMFC are visualised under different operating conditions including air stoichiometry, hydrogen stoichiometry, cell temperature, and external load. The advanced optical arrangement achieved by the two CCD cameras permits the capture of two orthogonal views (side and top view images to the channels) of the water droplets and liquid films on the surface of the membrane. In particular, the set-up facilitates measurements of droplet diameter, droplet height, contact angles, and interfacial area with the surface as well as analysis of other relevant phenomena during the formation process while monitoring the polarisation behaviour of AB-PEMFC under natural and forced air convection. Figure 1 shows the schematic of the system which comprises the fuel cell unit (FCU), air fan, hydrogen unit, operation control unit (OCU), data monitoring unit, and visualisation unit. The fuel cell and visualisation units are described in more detail in sections 2.2 and 2.3, respectively. The air fan (Bi-Sonic model: SP802512 H-03) is located close to the opening of the FCU cathode channels to provide a wide range of air velocities (0.057-1.9m/s) for the cell reaction. On the other side of the channels, at the channels exit, a precision anemometer (DANTEC type 54N60) with an accuracy of 5% and a built-in K type humidity sensor (Honeywell HIH-3610) were installed to measure the average air velocity and air humidity in the channels. The fan speed is controlled by the OCU using a variable power supply (Metrix AX-321) which also controls the temperature and electric load across the cell. The hydrogen unit supplies dry hydrogen fuel to the FCU from a cylinder (BOC purity 99.95%) and regulates its pressure and flowrate using a BOC two-stage regulator (model L200-BS4) and a CT Platon flow meter, respectively. The measured data including air velocity, air humidity, operating temperature, and cell voltage and current density are collected in the data monitoring unit via a data acquisition system (National Instrument PCI-6225) and a compatible Labview software. 
Experimental

System Set-up
Fuel Cell Unit (FCU)
The FCU uses a Johnson Matthey Membrane Electrode Assembly MEA (Nafion) which has an active area of 25cm 2 and Platinum catalyst loading of 3.5 mgm -3 . The MEA is hot pressed with two Gas Diffusion Layers GDL (Toray paper TGP-H-060) on each side and the complete set is sandwiched between anode and cathode aluminium flow plates, as illustrated in Figure 2 . The channels of the anode plate are machined in serpentine shapes with a channel width of 1.5 mm, a depth of 1.5 mm, and a length of 655 mm. The cathode flow plate has four straight parallel channels machined-through with lands interconnected by narrow bridges; such design enables optical accessibility to the channels while maintaining the lands attached to the plate. However, the presence of the land-bridges will slightly disturb the air flow in the channels since they contribute by 35% to the total cross sectional area of the channel that is facing the flow. At the channel entrance, the flow will accelerate around the land-bridges causing recirculation zones in regions behind those bridges. The distance between two bridges of the same channel is twelve times larger than their depth and therefore the flow is expected to redevelop along the channel. The width of the cathode flow channels (e.g. 5mm) was made larger than a typical fuel cell channels in order to facilitate the machining of the plate, to minimise the effect of land-bridge in disturbing the air flow in the channel and, above all to allow better visualisation from the two view directions to the channels. This as a consequence would likely to influence the frequency of droplet/droplet interactions and aggregation versus droplet/wall interactions and also increase the ohmic loss of the cell lowering the polarisation performance.
Two holes were drilled on the upper side of the cathode plate to accommodate a thermocouple probe for temperature monitoring and polarisation measurements of the cell (Kelvin electrical connection). A Plexiglass window was mounted on the top of the cathode flow plate whereas a copper heating plate was placed at the back of the anode flow plate to control the operating temperature of the cell. The plates were assembled by fastening 12 screws (12Nm of applied torque) across each side of the end plates. 
Visualisation Unit
The visualisation unit is equipped with two CCD cameras (Sensi-Cam 12BIT cooled Fast Shutter) mounted on separate bi-directional spindles that provide highly accurate and repeatable positioning in the vertical and the horizontal plane of the FCU, as shown in Figure 3 . This arrangement provides the flexibility to observe along the cathode channels the two-sided view, e.g. from the top and side view of the channels. An intensive light source (Schott-Fostec LLC) was positioned to direct light accurately at an angle to the visualisation area on the surface. The recording time of the two cameras was synchronised to avoid delays between the captured images which were saved in workstations1 and 2 for further analysis. 
Procedure
Before operating the FCU, a calibration test was conducted to correlate the power supply voltage that drives the air fan with the air velocity in the cathode flow channels. Four operating parameters including: air stoichiometry, hydrogen stoichiometry, cell temperature, and electric load were examined in separate experiments under ambient room temperature (23C°) and relative humidity of air (RH) of 40%. Between each experiment the air fan was kept running for around 1 hour, without the supply of hydrogen, to extract all liquid water accumulated in the channels and return the membrane state to ambient condition. The operating conditions of those tests are listed in Table 1 .
The observation of droplets from the top and side view of the channels proved difficult due to a number of factors. First, the water that is produced at the cathode by the electrochemical reaction of the cell condenses on the upper window of the channels obstructing visual accessibility from the top. In addition, the intensive light source used for flow visualisation also generates extra heat on the surface of the GDL which causes local droplets to evaporate before emerging. Finally, the fact that many droplets appearing in the channels are of similar size makes it extremely hard to identify the same droplet by the two cameras. These issues were addressed by controlling carefully the heat and light conditions of the FCU simultaneously. For the droplet formation test in section (3.1), the images were captured at 30 s intervals whereas for the droplets accumulation test in section (3.2) the corresponding times were set at 5 min intervals. These timings were selected to provide time independency of the phenomena observed.
Results and Discussion
Droplets formation on the surface
The operating conditions of Experiment 1 ( Table 1) were selected for droplets augmentation tests. Figure 4 shows images of water droplets on the surface of the GDL during formation at various locations in the channels. The images revealed that droplets emerge spontaneously on the surface in different sizes. This sudden appearance is likely to be associated with the build-up of pressure within the GDL that pushes the water out through local pores instantaneously after reaching water saturation state. Droplets continue to develop on the surface with unsteady increase in diameter until they reach a maximum size where no further enlargement takes place.
The changes in droplet size and contact angle during the operation of AB-PEMFC were measured for a limited number of samples due to the droplets tendency for fast evaporation by superimposing images of droplet boundaries and their interface with the surface using the MatLab program. Droplet boundaries were detected in Matlab using the 'Canny edge' detector technique with Gaussian standard deviation value of 3 for improved image quality. Maximum uncertainty of the obtained results was estimated to be around 10% in the case of most blurred images.
Figure 4 Droplet formation on the surface of GDL at various locations in the cathode flow channels
The results in Figure 5 and 6 represent an average value of all conducted test results. It can be estimated from Figure 5 that at each instant of droplet development, at a 30 s intervals, the droplet increases in diameter and height by an average of 60 µm and 55 µm, respectively, giving an overall volumetric increase by around 63 nliter. This droplet formation rate of around 10 µm/min is larger than the one reported for a conventional PEMFC (8 µm/min) [31] . Although the difference between these two values is small but these could be useful data to relate the increase in the current density of AB-PEMFC (~30 mA/cm 2 ) with the amount of water produced by the reaction. It was also found from the processed images that the point at which the three phases (liquid, air, and membrane) intersect has shifted along the surface by approximately 120 µm during the entire formation period. The droplet would therefore gain an additional interfacial area with the surface of around 0.173 mm 2 , thus raising the effect of the adhesive force between them.
The graphs in Figure 6 show the correlations between droplet diameter, height and contact angle during droplet growth on the surface. Both of the droplet height and contact angles are directly proportional to droplet diameter having similar trends with respect to the droplet diameter increase. The dynamic receding and advancing droplet contact angles were measured directly from the side view images of the channels (droplet side profile) using the sessile drop method. Those angles were found almost identical since the shear stress of the air in the channels is relatively low to cause droplet deformation on the side facing the air flow.
The increased in droplet height tends to reduce slightly at larger diameters which maybe caused by the increase in the weight of the enlarged droplet as well as the effect of air flow on a larger droplet surface area that pushes it further into the porous surface. It was also observed that droplet height reduces gradually between consecutive droplet developing stages. The small reduction which can be characterised as droplet 'Settling' time maybe related to the pressure difference between the flow channel and the surface that forces the droplet back into the porous media before the next water production period. This phenomenon could not be observed by the vertical visualisation of camera 2 since the top view will only show droplet diameters which remain unchanged.
The deviation of droplet shape on the surface from a perfect circle shape was analysed by superimposing a circle that crosses the horizontal wall with the visualised contact angle into droplet boundary images. The visualised droplet height was found to be larger than a perfect circle. This implies that droplet is deformed in a direction opposite to gravitational force which is likely to be attributed to the adhesive force on the surface that forces the droplets upwards in respect the contact surface. 
Droplets accumulation in the channels
Four operating parameters including air stoichiometry, hydrogen stoichiometry, cell temperature, and electric load were tested in Experiments 2-5 (Table 1) to elucidate their effect into the accumulation of water droplets in the cathode channels and cell polarisation characteristics. Droplets visualisation was carried out by camera 2 (vertical observation) onto the middle flow channels since droplets seemed to appear first on those locations rather than at the entrance or at the exit of the channels.
Effect of air stoichiometry
The effect of air stoichiometry was examined under natural free and forced convection conditions in Experiment 2. Before operating AB-PEMFC, hot wire probe was placed just outside the exit of the air channels at different locations (right wall, centre, left wall) in order to estimate the average air velocity in the channels under different fan speeds. These calibration measurements which assume the average velocity values and flow profile in the channels to be unaffected by the presence of the probe allow calculation of the air stoichiometric ratio. The average air velocity values were converted to mass flow values from the known channel dimensions and the results were divided by the mass air flow required by the cell reaction rate at a current density of 150 mA/cm 2 . For example; when the air fan was not in use or at the natural free convection case, the average air velocity in the channels was 57 × 10 -3 m/s. This velocity value in the flow channel which has a cross sectional area of 4 × 5 mm 2 corresponds to a mass flow (Mass flow ) of 6.84 × 10 -2 L/min. The mass flow required by the cell reaction (Mass reacted ) can be calculated directly from the basic fuel cells air usage equation (air usage = 3.57 × 10 -7 × total cell current kg.s -1 ). The total cell current at 150 mA/cm 2 is 3.75 A (e.g. 150 mA/cm 2 × 25 cm 2 of membrane active area). The result of the air usage (13.38 × 10 -7 kg.s -1 ) is then multiplied by 60 × 1000 and divided by the air density value of 1.29 to give the value of Mass reacted in Litre/minute unit. The air stoichiometry ? air then can be found by dividing Mass flow to Mass reacted (6.84 × 10 -2 /62.2 ×10 -3 ? 1). The values of ? air = 10, 20, and 30 was calculated similarly representing an average measured air velocity values of 0.75 m/s , 1.29 m/s, and 1.7 m/s respectively. Figure 7 shows the accumulation of water in the cathode channels at an air stoichiometry of 1, 10, 20, and 30. The images were captured after 5, 10 and 15 minutes from the start of the AB-PEMFC operation. It is clear from Figure 7 that droplets were smaller in size and in less numbers for the natural free condition (? air = 1). No droplet was observed in the first 5 minutes of operation and the current density of the cell was at its lowest value (80 mA/cm 2 ) compared to other tested stoichiometry conditions (~140 mA/cm 2 ). At an air stoichiometry of 10 and 20, the size of the droplets became larger and the channels contained more water with a peak current density of 150 mA/cm 2 . When ? air increased to 30, the amount of water in the channels slightly reduced by the mass transport mechanism of the air flow but even at this high flow range water was not cleared from the channels.
The relative humidity of the air at the exit of one of the flow channels was measured by the humidity sensor (44% RH) and was found to be slightly higher than the ambient humidity value (40% RH) that was measured before AB-PEMFC operation. Although the humidity value of the exit air is expected to increase significantly due to the water produced by the reaction of the cell, but the effect of the heat generated from the cell (temperature increased by 25 C°) that travels upwards in the same direction of the exit air could be sufficient to evaporate the produced water and hence maintains the relative humidity value largely unchanged.
Effect of hydrogen stoichiometry
The hydrogen stoichiometry ? H2 was calculated at a similar current density value to that of air (at 150mA/cm 2 ). Figure 8 shows the accumulation of water under four different hydrogen stoichiometry conditions (? H2 ) 0.4, 0.8, 1.25, and 1.66. No droplet was produced in the first 5 minutes of operation when ? H2 = 0.4. Droplets started to appear on the surface at a later stage but in moderate quantity and at low current density values (~100 mA/cm 2 ). At ? H2 = 1.25, the cell produced the maximum amount of water in the channels and achieved a peak current density of 147.6 mA/cm 2 . It can be seen from Figure 8 that at ? H2 = 0.8 a water film was developed on the side wall of the channel which tended to agitate downwards in the gravitational direction of the cell. Another water film was also observed at ? H2 = 1.25 but it drained away immediately from the channel once merged with the surrounding droplets. This phenomenon probably occurred due to the increase in the weight of the water film which rises the effect of gravitational force over the film adhesive force with the GDL surface and the channel land. As ? H2 increased to 1.66, the number of droplets in the channels reduced gradually with time. The current density of the cell also reduced to 143 mA/cm 2 due to membrane dehydration on the anode side. 
Effect of cell temperature
The cell was heated at the anode flow plate up to a temperature of 60 C° to examine the effect of the operating temperature on the evaporation of water droplets in the cathode channels as well as on the current density of the cell. Figure 9 shows images in the channels at cell temperatures of 40°, 50°, and 60 C°. It is clear that water droplets evaporate significantly with increasing temperature above the ambient room temperature (~23 C°). Few droplets were found in the channels when operating at 50 C° but all evaporated when the temperature reached 60 C°. The obtained current density values at those temperatures suggest that increasing the cell temperature reduces the internal resistance of the cell but it can be argued that also too much heat can cause the membrane to dehydrate and its conductivity to reduce. Figure 10 shows images of water accumulation in the channels for three time intervals (5, 10, 15 min) and under different load conditions (R= 0.11, 0.15, 0.32, 0.57 ?). It can be seen from these images that droplets start to appear in the channels after 5min of operation and develop further in size with operating time. No water was observed in the channels when the load reached 0.57 ?. This is likely to be due to the reduction of the current density (reduced ~117 mA/cm 2 from 0.11 to 0.57 ?) which is directly associated to the amount of water produced by the electrochemical reaction. At this point the water removal rate caused by the air flow was sufficient to extract all water produced from the channels. However, this was not the case when the load was at 0.11, 0.15, and 0.32 ?. Droplets aggregation in the channels becomes less as the load increases from 0.11 to 0.32 ? making the effect of water extraction rate from the channels more conspicuous. The images also show water film developed on the side wall of the channel at R = 0.11?, 0.15 ? which became larger in size when the load increased to 0.32 ?. This size enlargement which occurred noticeably at reduced current density value (~96 mA/cm 2 ) maybe caused by the coalescence of local droplets that appeared to be absent from the images. 
Effect of external load
Conclusions
The accumulation of water droplets in the cathode flow channels of air-breathing fuel cells was investigated by direct visualisation under various operating conditions. The optical system arrangement together with the transparent window which was incorporated into the cathode side of the cell have allowed simultaneous observation of the droplet formation on the surface of the membrane from the top and side views of the channels. The captured images revealed that during droplet formation their advancing and receding contact angles are almost equal. The contact angles and droplet heights increased with increasing droplet diameter, exhibiting a similar trend that reduces slightly at larger droplet diameters. Water films were able to develop and maintain direct contact with the side-wall of the channels even under the effect of gravitational force. The impact of air and hydrogen stiochiometry operating conditions was found to be strong on droplets aggregation in the channels but minimal on droplets extraction from the channels. In contrast, changes in the operating temperature proved to be the most effective water removal mechanism, with minimum reduction in the current density of the AB-PEMFC. ----------------------------------- 
